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® An electronic circuit provides a linear output 
from an amplitude modulated transmission device 
such as a semiconductor laser which has inherent 
distortion. The distortion of the nonlinear device is 
compensated by applying a predistorted signal equal 
in magnitude and opposite in sign to the distortion 
introduced by the nonlinear device. The input signal 
is split into two or three paths with primary part of 
the signal applied directly to the device, with a time 
delay to compensate for delays in two secondary 
paths. One secondary path generates even order 
intermodulation products and the other generates 
odd order intermodulation products. These are re- 
combined with the primary signal in proper phase 



and amplitude for cancelling distortion in the output 
device. A distortion generator in each secondary 
path generates adjustable amplitude intermodulation 
signals. A tilt adjustment is made to compensate the 
amplitude of the predistortion for frequency depen- 
dence of the amplitude of the distortion. Phase of 
the distortion signal is adjusted to be in proper 
phase relation with the distortion of the device. In the 
even order path there are means for adjusting 
predistortion at an intermediate frequency so that the 
distortion is cancelled near the upper, lower and 
intermediate portions of the frequency range of the 
device. If desired, set points off the predistorter may 
be adjusted automatically. 
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Field of the invention 

This invention relates to an electronic circuit for 
providing a linear output from an amplitude modu- 
lated transmission device such as a semiconductor 5 
laser which has an output distorted from its input 
due to inherent nonlinearity. The distortion of the 
nonlinear device Is compensated by applying a 
predlstorted signal to the input of the nonlinear 
device. The predistortion is chosen such that the to 
distortion of the nonlinear device restores the un- 
distorted signal. 



Background of the Invention 
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Directly modulating the analog intensity of a 
light emitting diode (LED) or semiconductor laser 
with an electrical signal is considered among the 
simplest methods known in the art for transmitting 
analog signals, such as sound and video signals, 20 
on optical fibers. Although such analog techniques 
have the advantage of significantly smaller band- 
width requirements than digital pulse code modula- 
tion, or analog or pulse frequency modulation, am- 
plitude modulation may suffer from noise and non- 25 
linearity of the optical source. 

Distortion inherent in certain analog transmit- 
ters prevents a linear electrical modulation signal 
from being converted linearly to an optical signal, 
and instead causes the signal to become distorted. so 
These effects are particularly detrimental to multi- 
channel video transmission which requires excel- 
lent linearity to prevent channels from interfering 
with each other. A highly linearized analog optical 
system has wide application in commercial TV 35 
transmission, CATV, interactive TV, and video tele- 
phone transmission. 

Linearization of optical and other nonlinear 
transmitters has been studied for some time, but 
proposed solutions suffer from practical disadvan- 40 
tages. Most applications have bandwidths which 
are too large for practical use. Feedforward tech- 
niques require complex system components such 
as optical power combiners and multiple optical 
sources. Quasi-optical feedforward techniques suf- 45 
fer from similar complexity problems and further 
require extremely well-matched parts. 

One method employed in the past to reduce 
distortion inherent In nonlinear devices has been 
predistortion. In this technique, a modulation signal 50 
IS combined with a signal equal in magnitude to the 
distortion inherent in the nonlinear device but op- 
posite in sign. When the nonlinear device modu- 
lates the combined signal, the device's Inherent 
distortion is cancelled by the combined signal's 55 
predistortion and only the linear part of the source 
signal is transmitted. 

This predistortion signal is usually in the form 



of additive and subtractive combinations of the 
input fundamental frequencies as these inter- 
modulation products constitute the most fertile 
source of distortion in analog signal transmission. 
In the distribution of AM signals for cable televi- 
sion, for example, there are often as many as 40 
frequencies on a particular band and plenty of 
opportunities for second order and third order inter- 
modulation products of those frequencies. 

Current predistortion techniques generally di- 
vide an input signal into two or more electrical 
paths and generate predistortion on one or more of 
the paths resembling the distortion Inherent In the 
nonlinear transmitting device. The generated 
predistortion is the inverse of the nonlinear device's 
inherent distortion and serves to cancel the effect 
of the device's inherent distortion when recom- 
bined with the Input signal. 

Attenuation can be used to match the mag- 
nitude of the predistortion to the magnitude of the 
device's inherent distortion characteristics before 
the signals are recombined and sent to the non- 
linear device for modulation. However, the method 
suffers from crudeness because nonlinear devices 
frequently have amplitude and phase distortion 
characteristics dependent on the frequency of the 
modulating signal. Present techniques provide no 
means for compensating for these frequency-do- 
pendent nonllnearlties. 

Neglecting to correct for the frequency depen- 
dence of the distortion leads to a result which may 
be quite tolerable for many systems and for signals 
with relatively narrow bandwidth. However, they 
become particularly troublesome when converting 
an electrical TV signal to an optical signal for cable 
transmission. Such signals for cable TV may have 
forty or more input frequencies, all of which need 
to have high quality amplitude modulated signals. 
The transmission devices for such a signal must 
have an exceptionally high degree of linearity. The 
bandwidth used for TV transmission and the like Is 
becoming quite large and the predistortion tech- 
niques presently available are inadequate to cover 
the broad band with desired lack of distortion. 
Compensation for higher order intermodulation pro- 
ducts and over a broad frequency range is, there- 
fore, desirable. 

The present invention accordingly is addressed 
to these and other difficulties found in the prior art. 

Brief Summary of the Invention 

Thus, in practice of this Invention according to 
a presently preferred embodiment, a predistortion 
circuit for reducing distortion in the transmission of 
analog signals splits an Input modulation signal into 
three electrical paths, one primary, one even order 
secondary and one odd order secondary. A 
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predistortion amplifier in the even order secondary 
path generates second order intermodulation dis- 
tortion products of the input signal. A predistortion 
annplifier in the odd order secondary path gen- 
erates third order intermodulation distortion pro- 
ducts of the input signal. 

The distortion so generated, or predistortion, in 
each secondary path is adjusted to be substantially 
equal in magnitude and opposite in sign to the 
distortion inherent in a nonlinear modulation device 
to which the signal Is applied. The predistortion 
signals are adjusted in amplitude and phase to 
match the frequency dependence of the distortion 
by the nonlinear device. The phase of the signals 
are synchronize by a delay or phase adjustment 
element in each of the electrical paths. The primary 
and secondary signals are then recombined to pro- 
duce a single modulation signal including inter- 
modulation product distortion. 

The phase in the even order secondary elec- 
trical path is adjusted at both a high frequency 
within the frequency range of the circuit and at an 
intermediate frequency. Thus, the predistortion cir- 
cuit largely linearizes the transmission of modulat- 
ing signals by cancelling distortion inherent in non- 
linear transmitting devices over a broad frequency 
range. 

Brief Description of the Drawings 

These and other features and advantages of 
this invention will be better understood and more 
fully appreciated by reference to the following de- 
tailed description when considered in conjunction 
with the accompanying drawings, wherein: 

FIG. 1 is a block diagram showing a first em- 
bodiment of a predistortion circuit; 
FIG. 2 is a block diagram of a push-push am- 
plifier employed in the predistortion circuit ac- 
cording to a preferred embodiment of this inven- 
tion; 

FIG. 3 is a schematic diagram exemplifying a 
practical predistortion circuit; 
FIG. 4 is an illustration of the effect of predistor- 
tion on the waveforms of a modulation signal; 
FIG. 5 is a block diagram showing a predistor- 
tion circuit with more than one "secondary" 
path; 

FIG 6. is a block diagram of another embodi- 
ment of predistortion circuit useful over a 

broader frequency range: 

FIG. 7 is a circuit diagram of an exemplary 
push-push amplifier; 

FIG. 8 is a circuit diagram of an exemplary 
push-pull amplifier; 

FIG. 9 is a circuit diagram of an exemplary all 
pass delay equalizer; 

FIG. 10 is a diagram of an exemplary amplitude 
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tilt circuit; and 

FIG. 11 is a schematic graph illustrating 
predistortion compensating distortion of a non- 
linear device. 

5 

Detailed Description 



The concept of predistortion is shown abstract- 
ly in FIG- 4. An input signal Yo is input to a 

10 predistortion network 40. The predistortion network 
has a nonlinear transfer function which deviates 
from linearity oppositely and inversely from the 
deviation of a nonlinear transmitter having a known 
transfer function 41. The signal Yi from the 

;5 predistortion network is a combination of the input 
source signal Yo and predistortion resulting from 
the nonlinear transfer function 40. Signal Yi is fed 
into the nonlinear transmitter and, after modulation 
by the transmitter, appears as a substantially linear 

20 signal Y2 as a result of the inherent distortion of the 
transmitter inversely related to and cancelled by 
the predistortion of signal Yj . 

Referring now to FIG. 1, an input source signal 
12 feeds into a directional coupler 10 and is split 

25 into a primary electrical path 13 and a secondary 
electrical path 14. Typically, the portion of the 
signal on the primary electrical path is substantially 
larger in power than the signal on the secondary 
electrical path. For example, an 11 dB directional 

30 coupler may be used to achieve this result. 

The secondary electrical path comprises in cir- 
cuit series a distortion generator 15, an amplitude 
adjustment block 17, a "tilt" or frequency adjust- 
ment block 19, and a fine phase adjustment block 

35 21 . These elements may be varied in sequence 
along the secondary electrical path without depart- 
ing from the functional purpose of the invention. 

In one embodiment, the signal on the secon- 
dary electrical path feeds first into the distortion 

40 generator. The output of the distortion generator 
comprises intermodulation distortion of the input 
frequencies. Second order or second and higher 
order distortion may be produced, ideally, the fun- 
damental frequency is suppressed in the distortion 

45 generator by cancellation, filtering or other means. 
The intermodulation product so generated is op- 
posite in phase to the input signal. This inversion 
may be accomplished within the distortion gener- 
ator or with a separate inverter element (not 

50 shown). 

The distorted output from the distortion gener- 
ator is matched in magnitude to the magnitude of 
inherent distortion predicted in the transmission 
device (not shown in Fig. 1) receiving the output 

55 signal 25. The matching function occurs in the 
amplitude adjustment block 17 and this adjustment 
may be accomplished manually with a variable 
attenuator or dynamically with an automatic gain 
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control element, for example. The output of the 
anr)plitude adjustment block 17, therefore, com- 
prises intermodulation distortion of a small portion 
of the input signal and is substantially equal in 
magnitude and opposite in sign to distortion inher- 
ent tn a nonlinear transmission device receiving the 
output signal 25 of the predistortion circuit. This 
output or predistortion signal effectively reduces 
the frequency independent component of the dis- 
tortion of the nonlinear device. 

Generation of the predistortion signal on the 
secondary electrical path typically involves a time 
delay relative to the primary electrical path. Before 
the primary and secondary paths are recombined 
an adjustment is made to set the relative phase of 
the primary path electrical signal with respect to 
the phase of the secondary path electrical signal 
which results in best cancellation of the distortion 
inherent in the nonlinear device. This phase match- 
ing is done on the primary electrical path by an 
external delay 23 which receives the primary por- 
tion of the signal 13 split by the directional coupler 
10. The time delay may be manually or automati- 
cally adjusted. An exemplary delay may be simply 
a transmission line of selected length to introduce a 
suitable delay. 

An exemplary transmission device may be a 
semiconductor laser or LED modulated by the out- 
put signal. The inherent distortion of such a device 
is not independent of frequency. Generally speak- 
ing, the distortion is inherently greater at higher 
frequencies. 

To adjust for frequency dependent distortion of 
the nonlinear transmitting device, the output of the 
amplitude adjustment block is then fed into a fre- 
quency adjustment or "tilt" adjustment block 19. 
The tilt adjustment is a variable filter or other 
similar means which increases the amplitude of the 
distortion at high frequencies for an "up-tilt" and 
decreases it at high frequencies for a "down-tilt." 
This adjustment, like the amplitude adjustment, 
may be done either manually or automatically. By 
passing more or (ess of the high frequency distor- 
tion products than the low-frequency distortion pro- 
ducts, the tilt adjustment enables the predistortion 
signal to be tailored more precisely to the inherent 
distortion characteristics of the nonlinear device. 

Typically, the amplitude adjustment is made to 
compensate for the distortion occurring at the low 
frequency end of the band. The frequency adjust- 
ment is then made as an up-tilt to compensate for 
distortion at the high frequency end of the band. It 
may be noted that this same effect can be 
achieved by amplitude adjustment at the high fre- 
quency end. and an up-tilt or down-tilt on the low- 
frequency end as an appropriate attenuation or 
amplification of the signal. 

An additional fine phase adjustment block 21 



on the secondary electrical path provides for more 
accurate setting of the relative phase between the 
distortion generated in the secondary path and the 
distortion inherent in the nonlinear device. This 
5 adjustment, like the amplitude adjustment, may 
also be made manually and may be frequency 
dependent. It is found that manual adjustment of 
amplitude, frequency and phase is usually com- 
pleted in less than a minute. What one does is 
w make the appropriate adjustment while observing 
the distortion in the output of the nonlinear device. 
The adjustment seeks to minimize the final distor- 
tion. The optimum adjustment is when the 
predistortion signal is of the same magnitude as 
15 the distortion inherent in the nonlinear device, and 
the predistortion is exactly 180' out of phase with 
the distortion. 

It Is significant that the phase adjustment is 
made relative to the distortion of the device. Pre- 
20 viously time delays have been introduced so that 
the predistortion is exactly in phase (or 180 • out of 
phase) with the primary signal. This may be suffi- 
cient for some purposes, but is not suitable for 
. others, such as TV bandwidth modulation of a 
25 laser, for example. 

Once the relative phases of the signals on the 
primary and secondary electrical paths have been 
set, they are recombined by the output directional 
coupler 11. The combined signal 25, including the 
30 predistortion component from the secondary path, 
is output to a nonlinear transmission device for 
modulation of the signal. 

An example of a predistorter or distortion am- 
plifier block 15 is shown in detail in FIG. 2. A 
35 portion of the input signal 14 on the secondary 
electrical path is fed into a 180' splitter 30 which 
divides the signal into a first electrical path 38 and 
a second electrical path 39 of equal magnitude and 
opposite sign. If desired, the signals so divided 
40 need not be of equal magnitude if subsequently 
amplified or attenuated. 

The first electrical path feeds into a first am- 
plifier 32 generating second order and higher order 
intermodulation products of the fundamental fre- 
45 quencies in the input signal 14. The second elec- 
trical path, carrying a signal opposite in sign to the 
first electrical path, feeds into a second amplifier 
33 generating even order intermodulation products 
which are of the same sign as those output by the 
50 first amplifier 32. but generating odd order inter- 
modulation products opposite in sign to those out- 
put by the first amplifier. The signals are combined 
additively by a 0-degree combiner 34 which sub- 
stantially reduces the fundamental frequencies and 
55 odd order intermodulation products, leaving even 
order intermodulation product components in an 
output signal 37. Ideally, this process produces 
pure second order and higher order even compo- 
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nents of intermodulation distortion. 

The first and second amplifiers 32 and 33 are 
adjustable to prevent complete cancellation of the 
odd order intermodulation product components. 
This adjustment can be accomplished by varying 
the bias currents to the amplifiers which has little 
effect on gain of the fundamental frequencies. An 
increase in the bias current of the first amplifier 32 
with a corresponding decrease in the bias current 
of the second amplifier 33 will unbalance the two 
amplifiers in the sense that the magnitude of Inter- 
modulation products produced will no longer be 
identical between the two amplifiers. Thus, the odd 
order intermodulation products will not cancel one 
another. 

The unbalancing of this distortion circuit, which 
is referred to as a push-push amplifier, allows gen- 
eration of intermodulation distortion of all orders of 
interest for predistortion purposes. The fundamen- 
tal frequencies may be suppressed by particular 
amplifier design or by filtering means (not shown), 
either in series with, after or integral to each am- 
plifier. Preferably, the bias currents of both amplifi- 
ers 32 and 33 are adjusted in equal and opposite 
directions or senses, so that the unbalance affects 
only the odd order intermodulation products and 
the even order intermodulation products remain 
balanced and substantially unchanged in magni- 
tude. 

One embodiment of the predistortion circuit is 
shown in FIG. 3. The signal 14 in the secondary 
path from the signal splitting coupler 10 is first 
attenuated by way of an adjustable attenuator R, , 
Rg to assure a constant signal level. If the signal is 
too small there may not be sufficient distortion to 
compensate for the distortion of the transmission 
device. Conversely, if the signal is too large, the 
distorter could be overloaded and itself produce 
unacceptable distortion. 

The attenuated signal is split in the 180* split- 
ter 30. and capacitively coupled to the first and 
second amplifiers 32 and 33. The bias of the 
amplifiers is adjusted to obtain the desired third 
order and higher order intermodulation products, 
and the recombined signal is attenuated by way of 
the amplitude adjustment 17 to obtain the desired 
amount of distortion at relatively low frequencies, 
such as 50 MHz. Next one checks the higher 
frequency end of the band and adjusts the fre- 
quency filter 19 until the distortion matches the 
inherent distortion of the transmission device at this 
higher frequency. This has little effect on the 
predistortion at the lower frequency end of the 
band. It. in effect, tilts the amplitude as a function 
of frequency around a pivot near the low end of the 
band. 

The time delay 23 is adjusted at the high 
frequency end of the band to adjust the phase of 
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the signal in the primary signal path. Again, this 
has little effect at the low frequency end of the 
band. Finally, the phase adjustment 21 is used to 
more precisely adjust the phase of the predistortion 

5 generated in the secondary path to compensate for 
the phase distortion by the nonlinear device. If 
need be. the adjustment sequence can be repeated 
to more closely match the inherent distortion of the 
transmission device. Ordinarily, the initial attenuator 

to and the bias of the predistortion amplifiers need 
not be adjusted, but may remain in a preset state. 
The three adjustments of the amplitude, tilt, and 
phase are sufficient. The principal delay in the 
primary path may also be fixed for a given secon- 

;5 dary path. 

The signal in the secondary path is recom- 
bined with the signal in the primary path by way of 
the directional coupler 1 1 . and the signal 25 there- 
by predistorted is applied to a laser 42 or the like 

20 for modulation. 

In the previously described embodiment, there 
is a single secondary signal path with its distortion 
generator. If desired, as shown in FIG. 5, a third 
"secondary" path 46 could be employed with one 

25 path 47 generating second order cancellation sig- 
nals and another path 46 generating third order 
cancellation signals. In each of the secondary paths 
illustrated in FIG. 5, reference numerals are used 
which are 100 or 200 larger than the reference 

30 numerals used for like components in FIG. 1 of the 
drawings. Each of these paths may have its own 
adjustment for frequency dependence 119. 219 of 
amplitude and phase. In such an embodiment, it is 
preferred to have fine adjustment of phase 121, 

35 221 in each of the secondary paths. In the event 
two or more secondary paths are used for high 
order distortion, the amplitude, tilt and phase in 
either path may be adjusted first since there is no 
interaction between them. 

40 An embodiment of predistortion circuit as 

hereinabove described and illustrated with a single 
secondary path has been designed for operation 
over a frequency range from 50 to 300 MHz. and it 
is found to be satisfactory for compensating distor- 
ts tion of an optical device over a range from 50 MHz 
to about 450 MHz. It is desirable, however to cover 
a broader frequency range since there are televi- 
sion signals using a frequency band up to 860 
MHz. Distortion at the high frequency end of such 

50 a band is significant, and the simpler circuit of 
FIGS. 2 and 3 may not be sufficient for the broader 
range. An improved predistortion circuit has. there- 
fore, been provided for covering the broader range 
and is illustrated in FIG. 6. 

55 As illustrated in this embodiment, the radio 

frequency (RF) input signal is applied to a coupler 
50 which splits the signal, sending a principal por- 
tion of the signal along a primary electrical path 51 
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and a minor portion of the signal to a secondary 
electrical path. As in the previous embodiment, the 
primary electrical path Includes a delay 52 which 
more or less matches the delay inherent in the 
secondary paths hereinafter described. § 

The signal in the primary electrical path is 
recombined with signals in secondary electrical 
paths with another coupler 53. The recombined 
signals {hereby have a predistortion opposite to the 
inherent distortion in an output device (not shown), w 
such as a laser. It is desirable to employ an imped- 
ance matching device 54, such as a 75 ohm to 25 
ohm transformer, between the predistortion circuit 
and the active device being modulated. 

The smaller magnitude signal from the input /s 
coupler 50 is split by a splitter 55 to an even order 
secondary electrical path 56 and odd order secon- 
dary electrical path 57. Means are provided in the 
even order secondary electrical path for producing 
second order intermodulation products which are 20 
adjusted to be equal and opposite to distortion in 
the output device. Means are provided in the odd 
order electrical path for producing third order inter- 
modulation products equal and opposite to distor- 
tion in the output device. The second order and 25 
third order predistortion signals are combined in a 
coupler 58 and are, in turn, combined with the 
signal in the primary electrical path 51 by means of 
the coupler 53. 

The even order electrical path comprises an 30 
initial adjustable attenuator 59. The adjustable at- 
tenuator, and other adjustable attenuators illustrat- 
ed in FIG. 6, may be essentially the same as the 
attenuator R, , R2. Rg illustrated in FIG. 3. The 
adjustable attenuator reduces signal strength to 35 
prevent overloading of a push-push second order 
distorter 61 to which the signal is applied. 

A suitable push-push distortion amplifier 61 is 
illustrated in FIG. 7. It comprises a 180' splitter 62 
which divides the signal into two parallel electrical 40 
paths with signals of equal magnitude and opposite 
sign. Each of the split signals is applied to an 
identical amplifier 63. When the output signals from 
the amplifiers are recombined. they are 180' out 
of phase. As a consequence, the fundamental fre- 45 
quency is cancelled, as are odd order Intermodula- 
tion products. The second order and higher even 
order intermodulation products are all that is left. 

The second order product from the push-push 
distortion amplifier is applied to an all-pass delay 50 
equalizer 64, the circuit of which is illustrated in 
FIG. 9. The all-pass filter 64 comprises a 180* 
splitter 66 which splits the signal into equal and 
oppositely signed portions. Each of the signals 
from the splitter is applied to an inductor 67. The 55 
input to each of the inductors is connected to the 
output of the other inductor by a capacitor 68. The 
output signals are recombined in a 180* coupler 



69. Such an all-pass filter has flat amplitude re- 
sponse, but provides a tailored phase delay as a 
function of frequency. 

As mentioned hereinafter, the all-pass delay 
equalizer is used for adjusting phase of the second 
order intermodulation product signal in an inter- 
mediate frequency range. As a practical matter, 
rather than being continuously adjustable, a few 
"plug in" equalizers which provide an acceptable 
correction are used. In such an all-pass delay 
equalizer, increasing the inductance and capaci- 
tance increases the amount of correction in the 
mid-frequency range. In this device, the square 
root of the inductance over capacitance is held 
constant at about 50 ohms. If desired, a delay 
equalizer employing op-amps instead of the LC 
device may be used. The LC device is, however, 
inexpensive and convenient since only a few de- 
vices with differing characteristics need to be avail- 
able to be plugged in for rapid adjustment. 

The output of the delay equalizer 64 goes to a 
switchable RF inverter 65. to another adjustable 
attenuator 71 and, in turn, to a buffer amplifier 72. 
The inverter is used since the second order 
predistortion required for a particular output device 
may be positive or negative relative to the fun- 
damental. The amplifier output is applied to a 
coarse delay adjustment 73, which typically is a 
plug-in length of coaxial cable. Differing delays 
may be achieved by plugging in different lengths of 
cable. A fine adjustment of delay is provided by a 
variable capacitance 74. 

The output of the delay adjustment is applied 
to an amplitude tilt circuit 76 by way of a buffer 
amplifier 77. The output of the amplitude tilt goes 
to the coupler 58 for combination with a signal from 
the odd order secondary electrical path 

The delay adjustment and amplitude tilt adjust- 
ment are similar to those hereinabove described. 

A suitable amplitude tilt circuit is illustrated in 
FIG. 10. Tilt is provided by connecting the signal 
line to ground by a variable resistor 78. capacitor 
79 and variable inductor 81 . As a practical matter, 
instead of using an inductor which may be varied, 
it is easy to use any of a few inductors of various 
values plugged in to change the tilt. A variety of 
capacitor values may also be plugged in for adjust- 
ing tilt. 

The capacitor 79 is chosen for adjusting the 
phase of the signal near the low frequency end of 
the frequency range of the predistorter. This can 
be varied without significant changes in amplitude 
at the low end of the range. By choosing the values 
of the inductance and resistance appropriately, the 
amplitude of the distortion as a function of fre- 
quency can be set to match the device being 
linearized. Generally speaking, the high end am- 
plitude is adjusted, then resistance in the tilt circuit 
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can be changed for changing amplitude at the low 
end of the frequency range of the device. Changing 
inductance in the tilt circuit changes amplitude in 
mid-range. 

The signal in the odd order secondary elec- 5 
trical path 57 goes to an adjustable attenuator 82. 
and thence to a push-pull third order distortion 
amplifier 83. A suitable push-pull circuit is illus- 
trated in FIG. 8. In this circuit, the RF signal is split 
by a 180' splitter 84. and each resultant signal is ;o 
applied to an identical amplifier 86. The amplifier 
outputs are recombined in a 180* coupler 87. 
Because of the phase inversion, the circuit results 
in the production of odd order intermodulation pro- 
ducts. Including the third order and the fundamen- ;5 
tal frequencies. 

It is found that the magnitude of the third order 
distortion correction required is ordinarily quite low 
(e.g., 60 db down), and the magnitude of the fun- 
damental expressed by way of the odd order sec- 20 
ondary electrical path is trivial by comparison with 
the power in the primary electrical path. Thus, no 
special means for further suppressing the funda- 
mental in the odd order path is ordinarily required. 

For comparison, the second order signal is 25 
typically about 45 db down from the fundamental 
when recombined with the signal in the primary 
electrical path. The fourth order and higher order 
intermodulation products are of very low magni- 
tude, typically more than 75 db down from the 30 
fundamental. These values, of course, vary with the 
device being compensated. 

The output of the third order distortion amplifier 
is applied to an amplitude tilt adjustment 88, similar 
to what has already been described. The output of 3S 
the tilt adjustment goes to a switchable RF inverter 
89 which may be used for changing the polarity of 
the signal. This is employed since the third order 
predistortion required for a particular output device 
may also be positive or negative relative to the 4Q 
fundamental. The odd order secondary path also 
includes a coarse delay adjust 91 for adjusting the 
delay of the third order intermodulation products 
Independently of the second order products before 
the two predistortion signals are combined at the 45 
coupler 58. 

As previously indicated, the sequence of the 
circuit components along the secondary electrical 
paths is often of little significance. This is sug- 
gested in FIG. 6 by the position of the variable so 
capacitor 92 for fine adjustment of the delay a 
couple circuit elements removed from the coarse 
delay adjustment. This just happens to be a conve- 
nient place for the fine adjustment In an exemplary 
device. Other of the circuit elements may also be 55 
placed in different sequences. Another example is 
the inverter for changing sign of the third order 
intermodulation products. This can be accom- 
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plished. for example, by switching input leads to 
the push-pull distortion amplifier. Other such vari- 
ations will be apparent. 

The improved predistortion circuit provides 
good correction of distortion over a broad frequen- 
cy range because of a couple of additional fea- 
tures. One is the separate odd order secondary 
electrical path for generating third order Inter- 
modulation products. This permits use of a bal- 
anced push-push predistorter in the even order 
secondary electrical path for producing second or- 
der intermodulation products with essentially com- 
plete cancellation of fundamentals. Distortion intro- 
duced by the subsequent amplifiers in the even 
order path is thereby minimized. Secondly, the all- 
pass delay equalizer allows phase adjustment at an 
intermediate frequency in the frequency range of 
the predistortion circuit, In addition to the adjust- 
ment near high frequency end of the range. 

Adjustment of the improved predistortion circuit 
is generally similar to the simpler circuit, but there 
are more steps and it takes somewhat longer. A 
skilled operator can set the predistorter In three or 
four minutes. Each predistorter is adjusted to 
match the distortion inherent in the modulated de- 
vice, since each such laser or the like has its own 
Inherent distortion characteristics. In a particular 
apparatus, if the laser is changed, the predistorter 
may be readjusted to compensate for the new 
distortion. The adjustment is made by applying a 
known signal and observing the distortion of the 
output device. Adjustments are then made to re- 
duce the distortion as seen in the output. 

The general sequence of the adjustment com- 
mences with balancing the push-push amplifier to 
generate only second order distortion and suppress 
the fundamentals. Next, one balances the push-pull 
distortion amplifier to generate only third order 
predistortion. It Is desirable at this point to deter- 
mine the relative polarity of the second and third 
order distortions relative to the fundamental, and 
set the respective RF Inverters. 

The second order predistortion is usually ad- 
justed first. One uses the adjustable attenuators 
and delay adjustments to cancel distortion at a 
relatively higher frequency near the high frequency 
end of the frequency range of interest. The distor- 
tion would ordinarily be nulled at a frequency 
somewhat below the end of the range. Next, one 
uses the amplitude tilt adjustment to null distortion 
near the low frequency end of the frequency range. 
Distortion near the upper end of the frequency 
range Is checked and. If desired, the attenuator, 
delay and tilt adjustments may be repeated for 
further reducing distortion near the high and low 
ends of the range. 

Next, one adjusts the all-pass delay equalizer 
for minimizing phase differences at an intermediate 
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frequency within the range of the predistortlon cir- 
cuit. If appropriate, tilt may be adjusted again to 
optimize the mid-range amplitude. Distortion near 
the high and low frequencies ends of the range 
should then be checked and. if appropriate, the 
attenuator, delay and tilt adjustments may be re- 
peated. 

A result of the three-point adjustment may be 
visualized from the graph of FIG. 11 which sche- 
matically shows distortion d as a function of fre- 
quency f over a range from, for example. 50 to 860 
MHz. A solid curve indicates an arbitrary level of 
distortion of either amplitude or phase which might 
be found in a nonlinear output device. A dashed 
curve is also drawn, illustrating nulling of the distor- 
tion at a relatively lower frequency near 50 MHz, at 
a relatively higher frequency near 860 MHz. and at 
some intermediate mid-range frequency. The 
dashed curve indicates the amount of predistortlon 
which is subtracted from the inherent distortion. 
The final distortion of the output is then the dif- 
ference between the two curves. It should be ap- 
parent that with the three-point cancellation of dis- 
tortion, there is a smaller net distortion in the 
output than if the distortion is cancelled only near 
the upper and lower ends of the range. 

After adjusting the even order secondary elec- 
trical path, the odd order path is adjusted. First, 
one adjusts the attenuator and delay elements to 
null the third order distortion near the high fre- 
quency end of the range. Next, one adjusts tilt to 
null distortion near the low frequency end of the 
range. The high frequency end is then checked, 
and these adjustments are repeated if necessary. 
Such adjustments may be repeated to get a de- 
sired linearity of the output device. Adjustment near 
the upper and lower ends of the range are ade- 
quate for most purposes and a mid-range adjust- 
ment would not normally be used in the odd order 
secondary path. 

Where two secondary electrical paths are used 
for adjustment of the third order distortion separate 
from the even order path, the amplitude, tilt and 
phase in either path may be adjusted first, since 
there is no interaction between them. One gen- 
erally adjusts the second order distortion first since 
it is ordinarily of larger magnitude. 

In addition to compensating for distortion inher- 
ent in lasers or the like to produce a better TV 
signal, this technique is also valuable for permitting 
use of lasers which have larger Inherent distortions 
than previously considered acceptable. Thus, for a 
given application of a laser, there will be a tolerable 
level of distortion. Any lasers that have excessive 
distortion may not be used. However, by applying 
suitable predistortlon, otherwise unusable lasers 
may be salvaged, enhancing yield from the manu- 
facturing process. 



There are times when it may be desirable to 
automatically adjust the predistortion circuitry to 
compensate for changes that may occur in the 
nonlinear device. For example, over a number of 
5 years' operation, a laser may age and the distortion 
may shift so that the original settings of the 
predistortion circuitry no longer completely mini- 
mize distortion in the output of the laser. Under 
these circumstances, if Intermittent recalibration 
10 94is desired, a user may connect to a recalibration 
unit which automatically detects any distortion re- 
maining in the laser output and readjusts the set- 
tings of any of the adjustments of the predistortion 
circuit for minimizing the remaining distortion. 
'5 An automatic compensation for remaining dis- 

tortion may also be desirable in much shorter time 
inten/als to compensate for changes in distortion 
caused by other influences such as temperature 
changes. If that is desired, a recalibration circuit 
20 may be permanently connected to the predistortion 
circuitry for intermittently detecting any remaining 
distortion In the laser output, and changing the 
settings of the predistortion circuit for minimizing 
the remaining distortion. Such a recalibration circuit 
25 may be operated intermittently, or even continu- 
ously, during use of the laser without interfering 
with its normal operation. The recalibration tech- 
nique is the same for either of these purposes, and 
differs only In how often recalibration is desired. 
30 Such a recalibration system can be understood 

by reference to a predistorter as illustrated in FIG. 
12. Reference numerals in this drawing for like 
elements are the same as the reference numerals 
used in FIG. 1 increased by 100. Thus, for exam- 
35 pie, the input signal is indicated as 12 in FIG. 1 
and as 112 in FIG. 12. In the predistorter. an input 
source signal 112 is fed into a directional coupler 
110 where it is split into a primary electrical path 
113 and a secondary electrical path 114. The sec- 
40 ondary electrical path has in series a distortion 
generator 115, an amplitude adjustment block 117, 
a tilt or frequency adjustment block 119. and a 
fine-phase adjustment block 121. The circuit output 
is used to modulate a non-linear device 90 such as 
45 a semiconductor laser. 

The output of the distortion generator 115 com- 
prises intermodulation distortion of the input fre- 
quencies. Second order or second and higher or- 
der distortion may be produced. The fundamental 
50 frequency is suppressed. The amplitude adjust- 
ment block is used for adjusting the amplitude of 
the distortion to match the inherent distortion pre- 
dicted in a nonlinear output device 90, such as a 
modulated semiconductor laser. 
55 The modulation signal 124 in the primary elec- 

trical path is delayed by a delay line 123 to bring 
the signals in the primary and secondary electrical 
paths roughly in phase. A fine-phase adjustment 
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block 121 in the secondary electrical path is used 
for bringing the predistortion in the secondary path 
In phase with (or more precisely. 180* out of 
phase with) the distortion inherent In the nonlinear 
device. 

To adjust for frequency-dependent distortion of 
the nonlinear device, the output of the amplitude 
adjustment block is fed into a frequency adjust- 
ment or tilt block 119. The tilt adjustment is a 
variable filter which changes the amplitude of dis- 
tortion at high frequencies relative to the amplitude 
at low frequencies to more precisely match the 
inherent distortion characteristics of the nonlinear 
device. The distorted signal 1 22 produced by these 
circuit elements in the secondary electrical path is 
combined with the primary modulation signal 124 
by a second directional coupler ill for application 
as an input signal to the nonlinear device 90. This 
operation of the predistorter is the same as pre- 
viously described. 

To make the predistorter adaptive lo changes 
in distortion in the nonlinear device, a fraction of 
the output signal (such as a light beam in the case 
of a laser) is diverted by a splitter 91 to a receiver 
92. The receiver detects distortion, if any, remain- 
ing in the output signal from the device, and gen- 
erates a distortion level signal 93 for a recalibration 
control circuit 94. 

The receiver may be set to isolate frequencies 
where distortion is expected for detecting any re- 
sidual distortion in the output of the nonlinear de- 
vice. Alternatively, one applies a set of pilot tones 
95 to the input signal by way of a directional 
coupler or splitter 96. The receiver can then be set 
to detect distortion from the input pilot tones. For 
example, the pilot tones may include frequencies U 
and fs . The receiver may then detect frequencies fi 
+ f2 and fi - fj. A number of such pilot tones may 
be input at various parts of the frequency range of 
the system for cancellation of distortion occurring 
any place in the frequency range. 

The control circuit 94 for recalibration follows 
an algorithm for checking the level of distortion in 
the output, changing a setting in the predistortion 
circuitry, sensing a change in the distortion level, 
and making a change in a setting of the predistor- 
tion circuit, if appropriate, for minimizing distortion. 
A number of algorithms may be used by the con- 
trol circuit for making the adjustments in set points 
for minimizing distortion. 

Probably the easiest to understand is one in- 
volving sequential incremental changes in set point 
of each parameter. For example, one may first 
adjust the amplitude setting. First, the control cir- 
cuit increases the set point (e.g.. a voltage) by a 
small increment, and the change in distortion as a 
result of that incremental change is measured. If 
the distortion increases, it is apparent that the 



incremental adjustment should be reversed. The 
control circuit would then make an incremental 
adjustment in the opposite direction. If the distor- 
tion again increases, it would be known that the 
5 original set point was correct, and the control cir- 
cuit would return to the original set point. 

On the other hand, if the incremental adjust- 
ment results in the distortion decreasing, an addi- 
tional incremental adjustment in set point is made 
10 and the distortion again measured. Additional in- 
cremental changes are made as long as each 
increment decreases the distortion. When an addi- 
tional incremental change in the set point results in 
an increase in distortion, it is known that the opti- 
;5 mum set point has been passed, and the control 
circuit reverses that increment. 

Once the optimum amplitude set point is 
found, a similar series of incremental adjustments 
are made in the set point for the fine phase adjust- 
so ment. This incremental search is continued until 
the optimum set point for the phase adjustment is 
achieved. 

Next, one may make a sequence of incre- 
mental changes in the tilt adjustment and measure 

25 low-frequency distortion to determine an optimum 
tilt adjustment setting. 

The amplitude, phase and tilt adjustments are 
not completely independent. Thus, when the 
"optimum" phase and tilt adjustments have been 

30 made, the amplitude adjustment may no longer be 
at the optimum setting. Thus, it is desirable to 
again make sequential incremental adjustments in 
the amplitude setting, and so on for each set point, 
until a desired minimum of distortion is obtained. 

35 Other types of adjustment algorithms are also 

known and used for other purposes. For example, a 
somewhat more complex technique, which may be 
referred to as a gradient search, may be used to 
adjust multiple parameters simultaneously and 

40 thereby approach the optimum settings more rap- 
idly than the sequential incremental search just 
described. 

In one of these techniques, an adjustment set- 
ting is modulated at a low frequency, as low as l to 

45 10 Hz. The modulation of the distortion at that 
frequency is then observed. If the modulation of 
the distortion is in phase with the modulation of the 
adjustment setting, the adjustment is too high. If 
the modulation of the distortion is out of phase, the 

50 adjustment setting is too low. If the adjustment 
setting is at the optimum, there will be zero modu- 
lation of the distortion at the modulation frequency 
of the setting, and one will instead see distortion 
modulation at twice the input frequency. 

55 With this gradient search technique, a second 

adjustment parameter can be modulated at a sec- 
ond frequency and measured simultaneously with 
the first modulation. Additional set point adjust- 
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ments may be modulated at additional frequencies. 
Thus, in principle, any number of set point adjust- 
ments may be made simultaneously for rapidly 
achieving recalibration. With a predistorter as de- 
scribed herein, only three or four set point adjust- s 
ments would typically need to be made in the even 
order secondary path. Three or four set point ad- 
justments might also be made in the third order 
path. 

Other automatic algorithms for adjusting the set w 
points of amplitude, phase and tilt may also be 
used. 

The automatic adjustment of the predistorter 
would typically call for use of resistors or capaci- 
tors variable in response to a voltage, for example. js 
A suitable variable resistor is a PIN diode. A varac- 
tor diode is a suitable voltage-variable capacitor. 

The intermittent adjustment of the set points of 
the predistorter should be distinguished from feed- 
forward linearization. In feed-forward linearization, a 20 
sample is continuously taken of an output signal 
from the nonlinear device. The sample is compared 
with the input signal and differences are identified 
as distortion. The differences are amplified as re- 
quired and applied to a device similar to the non- 25 
linear device to produce a second output signal 
corresponding to the distortion. That second output 
signal is then added to the distorted output signal, 
with suitable delay to have proper phase relation 
between the added signals to compensate for the 30 
distortion. In other words, instead of predistorting 
the input signal to the nonlinear device, the op- 
posite of the distortion is added to the output of the 
nonlinear device to cancel the distortion. Such 
changes are continuously made in the distortion in 35 
real time. 

Many variations and modifications will be ap- 
parent to those skilled in the art without departing 
from the spirit and scope of the invention. For 
example, although described and illustrated in the 4o 
context of a TV signal modulating a laser or light 
emitting diode, other nonlinear devices such as 
amplifiers may have inherent distortion largely can- 
celled by this technique. 

Because of such variations, the invention may 45 
be practiced other than as specifically described. 

Claims 



means in the odd order secondary elec- 
trical path for producing at least third order 
intermodulation products of the input frequen- 
cies; 

delay means in the primary electrical path 
for reducing the relative phase difference be- 
tween the primary and secondary electrical 
paths; 

means for combining signals on the pri- 
mary and secondary signal paths into a single 
signal for modulating a nonlinear device with 
predictable distortion characteristics; and 

delay means in each of the secondary 
electrical paths for compensating relative 
phase difference between the intermodulation 
products in the secondary electrical paths and 
the distortion of the nonlinear device. 

2. A predistortion circuit as claimed in claim 1 
further comprising means in each secondary 
electrical path for adjusting the relative am- 
plitude and phase of the signal in that path as 
a function of frequency such that the inter- 
modulation signal is predistorted for offsetting 
a frequency dependent distortion of the non- 
linear device. 

3. A predistortion circuit as claimed in claim 2 
wherein the means for adjusting phase in the 
even order secondary electrical path com- 
prises: 

a first time delay in the even order secon- 
dary electrical path for compensating relative 
phase difference between the intermodulation 
products in the even order secondary electrical 
path and the distortion of the nonlinear device 
at a relatively higher frequency; and 

a second time delay in the even order 
secondary electrical path for compensating rel- 
ative phase difference between the Inter- 
modulation products in the even order secon- 
dary electrical path and the distortion of the 
nonlinear device at a relatively lower frequen- 
cy. 



4. 



1. A predistortion circuit comprising: 50 
means for splitting an input modulation 
signal into a primary electrical path, an even 
order secondary electrical path and an odd 
order secondary electrical path; 

means in the even order secondary elec- 55 
trical path for producing at least second order 
intermodulation products of the input frequen- 
cies; 



A predistortion circuit as claimed in any of the 
preceding claims wherein the means in the 
even order secondary electrical path for pro- 
ducing intermodulation products is a push- 
push amplifier and the means in the odd order 
secondary electrical path for producing inter- 
modulation products is a push-pull amplifier. 

5. A predistortion circuit as claimed in any of the 
preceding claims further comprising means in 
the even order secondary electrical path for 
suppressing the fundamental frequencies. 
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6. A predistortion circuit for operation over a se- 
lected frequency range comprising: 

means for splitting an input modulation 
signal for a nonlinear device into a primary 
electrical path and a secondary electrical path; 

means for generating at least second order 
intermodulation products in the secondary 
electrical path having a relative amplitude cor- 
responding to the amplitude of distortion in the 
nonlinear device; 

means for adjusting the relative phase of 
the intermodulation products and the distortion 
of the nonlinear device at an intermediate fre- 
quency in the range; 

means for adjusting the relative phase of 
the intermodulation products and the distortion 
of the nonlinear device at a high frequency in 
the range; and 

means for additively recombining signals 
on the primary and secondary paths into a 
single path for forming a signal composed of 
the fundamental signal and frequency depen- 
dent intermodulation product predistortion for 
application to the nonlinear device. 

7. A predistortion circuit as claimed in claim 6 
further comprising means for adjusting the rel- 
ative phase of the intermodulation products 
and the distortion of the nonlinear device at a 
low frequency in the range. 

8. A predistortion circuit as claimed in any one of 

claims 3 to 7 wherein the means for adjusting 
phase at the intermediate frequency comprises 
an all-pass delay equalizer. 

9. A predistortion circuit as claimed in any one of 

claims 3 to 7 wherein the means for adjusting 
phase at the intermediate frequency com- 
prises: 

a 180* splitter for splitting a signal into 

first and second electrical paths; 

an inductor in each electrical path: 

a capacitor connecting the input of each 

inductor to the output of the other Inductor; 

and 

a 180* combiner for recombining signals 
on the first and second electrical paths. 

10. A method for reducing distortion in an am- 
plitude modulated signal from a nonlinear mod- 
ulating device comprising the steps of: 

splitting an input modulation signal into a 
primary electrical path, an even order secon- 
dary electrical path and an odd order secon- 
dary electrical path; 

generating second order intermodulation 
distortion in the even order secondary elec- 



trical path and adjusting the magnitude of the 
intermodulation distortion to be equal in mag- 
nitude and opposite in sign to distortion inher- 
ent in a nonlinear modulating device; 

5 adjusting the amplitude and phase of the 

intermodulation distortion in the even order 
secondary electrical path as a function of fre- 
quency to match the frequency dependence of 
distortion inherent in the modulating device; 

10 generating third order intermodulation dis- 

tortion in the odd order secondary electrical 
path and adjusting the magnitude of the inter- 
modulation distortion to be equal in magnitude 
and opposite in sign to distortion inherent in a 

75 nonlinear modulating device; 

adjusting the amplitude and phase of the 
intermodulation distortion in the odd order sec- 
ondary electrical path as a function of fre- 
quency to match the frequency dependence of 

20 distortion inherent in the modulating device; 

and 

recombining the primary and secondary 
electrical signals for providing an output signal 
with frequency dependent intermodulation 
25 predistortion for cancelling distortion in the 

nonlinear modulating device. 

11. A method as recited in claim 10 comprising: 

adjusting phase of intermodulation distor- 
30 tion in the even order electrical path near the 

low end of a frequency range to be in phase 
with distortion in the nonlinear modulating de- 
vice at such frequency; 

adjusting phase of intermodulation distor- 
35 tion In the even order electrical path near the 

high end of the frequency range to be in phase 
with distortion in the nonlinear modulating de- 
vice at such frequency; and 

adjusting phase of intermodulation distor- 
40 tion in the even order electrical path in an 

intermediate portion of the frequency range to 
be in phase with distortion in the nonlinear 
modulating device at such frequency. 

45 12. A predistortion circuit comprising: 

means for splitting an input modulated sig- 
nal for a nonlinear device into a primary elec- 
trical path and a secondary electrical path; 
means for generating at least second order 
50 intermodulation products in the secondary 

electrical path having a relative amplitude cor- 
responding to the amplitude of distortion in the 
nonlinear device; 

means in series with the means for gen- 
55 erating intermodulation products of the modu- 

lated signal for adjusting the amplitude of the 
signal on the secondary electrical path as a 
function of frequency for providing frequency 
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dependent predistortion on the secondary 
path; 

means for adjusting the relative phase of 
the Intermodulation products and the distortion 
of the nonlinear device; 5 

means for additlvely recombining signals 
in the primary and secondary paths into a 
single path to form a signal composed of the 
fundamental signal and second order inter- 
modulation product predistortion in phase with w 
distortion of the nonlinear device for applica- 
tion to the nonlinear device; 

means for detecting distortion remaining in 
the output of the nonlinear device; and 

means for intermittantly changing the set- 75 
ting of the means for adjusting amplitude In 
response to the means for detecting for mini- 
mizing distortion remaining in the output of the 
nonlinear device. 



13. A predistortion circuit as claimed in claim 12 
further comprising means for Intermittantly 
changing the setting of the means for adjusting 
the relative phase of the intermodulation pro- 
ducts and the distortion of the nonlinear device 
in response to the means for detecting for 
minimizing distortion remaining in the output of 
the nonlinear device. 
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